Purpose: To estimate the susceptibility and the geometry of metallic implants from multispectral imaging (MSI) information, to separate the metal implant region from the surrounding signal loss region. Theory and Methods: The susceptibility map of signal-void regions is estimated from MSI B 0 field maps using total variation (TV) regularized inversion. Voxels with susceptibility estimates above a predetermined threshold are identified as metal. The accuracy of the estimated susceptibility and implant geometry was evaluated in simulations, phantom, and in vivo experiments. Results: The proposed method provided more accurate susceptibility estimation compared with a previous method without TV regularization, in both simulations and phantom experiments. In the phantom experiment where the actual implant was 40% of the signal-void region, the mean estimated susceptibility was close to the susceptibility in literature, and the precision and recall of the estimated geometry was 85% and 93%. In vivo studies in subjects with hip implants also demonstrated that the proposed method can distinguish implants from surrounding low-signal tissues, such as cortical bone. Conclusion: The proposed method can improve the delineation of metallic implant geometry by distinguishing metal voxels from artificial signal voids and low-signal tissues by estimating the susceptibility maps. Magn Reson Med
INTRODUCTION
MRI provides excellent soft tissue contrast, which is valuable for diagnosing complications from metallic implants (1) (2) (3) (4) . However, the large susceptibility difference between metal and tissues induces severe perturbations of the static magnetic field (B 0 field), thereby disrupting the spatial encoding mechanism of conventional MRI techniques. Susceptibility-induced artifacts, including image distortions and signal voids (5) (6) (7) , hamper the diagnostic ability of MRI near metallic implants. Three-dimensional (3D) multispectral imaging (MSI) techniques, including multiacquisition with variable resonance image combination (MAVRIC) (8) , slice encoding for metal artifact correction (SEMAC) (9) , and MAVRIC selective (MAVRIC-SL) (10) , have made significant advancements toward imaging near metal by substantially reducing susceptibility-induced artifacts (11, 12) . Nevertheless, even with 3D MSI techniques, there can be residual signal loss caused by large B 0 field variations or strong local field gradients in the close vicinity of implants (13, 14) . The artificial signal voids are indistinguishable from the region inside the implants (which inherently has no signal) and tissues of low signal intensity in the images, making it challenging to visualize the actual geometry of implants or to examine the tissue/implant interface.
This work aims to differentiate the "metallic voxels" (voxels that are inside the metal implant), from artificial signal voids and low-signal tissues, using the susceptibility difference between metal and tissues. Delineating metallic implants in MR images may provide important information for evaluating adverse local tissue reactions and displacement/loosening of implant components in close vicinity of the implants, and determining the proximity of implants to neurovascular structures, among other clinical applications. For example, in the case of hip implants, adverse local tissue reactions are typically generated close to the trunnion or neck head interface, which is usually an area of large susceptibility-induced artifacts, thus emphasizing the need to delineate implants in this region.
The susceptibility map in the signal voids is estimated from the B 0 field maps (FMs) obtained using 3D MSI acquisition data (10) . Quantitative susceptibility mapping (QSM) has been intensively studied for MR visible structures such as the brain (15) (16) (17) (18) . QSM is challenging, because the problem is ill-conditioned (16, 18) . Because we are interested in solving for the susceptibility map in the signal voids, our additional challenge is that the B 0 FM is unknown in the region of interest (ROI), and, therefore, the inversion for susceptibility relies only on information from nonlocal field perturbations outside of the signal-void area. This additional challenge substantially worsens the conditioning of the inversion.
Previous work on reconstructing the implant susceptibility maps has taken a voxel-by-voxel approach to search for the susceptibility of each voxel in signal voids (19) , but this approach does not guarantee a globally optimal solution over the entire signal-void region, particularly in the center of large implants where this method becomes severely ill-conditioned. Another technique called iterative phase replacement (PR) was introduced to map susceptibility in structures with little or no signal, such as sinuses, bones and teeth, by iteratively updating the missing FM information inside the signal-void ROI (20) . A recent article demonstrated that localized features in the susceptibility map away from B 0 field information are difficult to recover by singular value decomposition (SVD) analysis (21) .
In this work, a regularized inversion method is introduced to solve for the globally optimized susceptibility map of signal voids (22) . The total variation (TV) of the estimated susceptibility map is penalized to regularize the inversion, incorporating the prior that the susceptibility distribution is piece-wise constant (15, 16, 18) . Simulations of digital implant models were performed to evaluate the accuracy of estimated susceptibility maps and implant geometry. The proposed method was compared with the iterative PR method (20) in simulations and phantom experiments. We also demonstrated in phantom and in vivo studies that the estimated susceptibility map distinguished metallic voxels from other sources of signal voids and improved the visualization of the implant geometry.
THEORY

Proposed Regularized Inversion Method.
Following a conventionally applied dipolar magnetostatic approximation, the relative B 0 induction field u induced by a relative susceptibility distribution v can be computed w¼x *** d, where d is a dipole pattern oriented along the dominant polarizing magnetic field direction. The 3D convolution (***) is more efficiently performed in the Fourier domain, as Fu ¼ DF v , where F represents Fourier trans-
2 is the spatial Fourier transform of the dipole field kernel (d), k and k z denote the radial distance and z-component of k-space coordinates, assuming z is the direction of B 0 (23) . Because D is zero on the two conical surfaces of k-space ð3k 2 z ¼ k 2 Þ, the inversion for susceptibility x is ill conditioned.
Let V and V denote the sets of voxels outside of and inside the signal voids, respectively. The FM u(r) is known only at r ʦ V while we are interested in estimating the susceptibility x(r) at r 2 V. Because the susceptibility variations between different tissues and air (usually less than 10 ppm) are negligible compared with the susceptibility difference between metallic materials and tissues (on the order of hundreds of ppm), a simplification that x(r) for r ʦ V is made to reduce the number of unknowns. We define a binary mask M to be unity for r ʦ V and zero otherwise, and define the signal-void mask as is inverse Fourier transform operation. The first term is the model-consistency term, which forces the solution to be consistent with the available FM measurements following MF À1 DF MxðrÞ ¼ MwðrÞ. jjrxðrÞjj 1 is the TV of estimated susceptibility map, which regularizes the inversion based on the prior that x(r) is piecewise constant (15, 16, 18, 24) . The problem can be solved efficiently by the Split-Bregman algorithm (25) , as introduced for solving regular QSM problems in a previous study (15) .
FM Measurement
The 3D-MSI techniques apply 3D fast spin-echo acquisitions at multiple center frequencies independently, to image spins over a wide range of resonance frequencies (typically 6 12kHz). Each acquisition is referred to as a spectral bin, and MAVRIC-SL and SEMAC apply a gradient in the slice direction during excitation and readout to provide selectivity (9, 10) . As demonstrated in Figure  1a , for both MAVRIC and MAVRIC-SL, the radiofrequency (RF) pulses of spectral bins have overlapping Gaussian spectral profiles. Spins resonating at a specific frequency will be imaged in several neighboring bins, and the pattern of signal variation across bins depends on the resonance frequency, as shown in Figure 1b .
A simple dictionary-matching approach is used to estimate the FM voxel by voxel from the spectral bin images. First, a dictionary of signal variation patterns across spectral bins for spins with different resonance frequencies is created. The dictionary element corresponding to resonance frequency v is dðvÞ
where B is the number of spectral bins, G(v)
is the frequency profile of pulses, and v k is the center frequency of spectral bin k. This method can also be applied to SEMAC, which uses RF pulses that have more rectangular spectral profiles, as long as the bin profiles overlap at most frequencies. In SEMAC and MAVRIC-SL, the resonance frequency varies along the slice direction due to the applied view angle tilting (VAT) gradient (9, 10) , which needs to be removed from the estimated FM to obtain the susceptibility-induced field variations.
Conventionally, the FM in 3D-MSI is approximated by the center-of-mass frequency v CM ðrÞ ¼ ð
. This method tends be biased by noise in spectral bins whose center frequencies are far away from the resonance frequency to be estimated. The proposed dictionary-matching approach is expected to be more robust to noise, because the distribution of noise across spectral bins is usually incoherent with the signal variation patterns in the dictionary. In Supporting Figures S1 and S2, which are available online, the two FM estimation methods were compared using simulation and in vivo data.
The MATLAB code for the proposed method, including FM measurement and regularized susceptibility inversion, is available online at: http://stanford.edu/ xinweis/Software.html.
*
METHODS
Simulations
The FM and susceptibility estimation methods were tested on simulated 3D-MSI data, as demonstrated by the flowchart in Figure 2 . The 3D digital models of a total hip (Zimmer Inc.) ( Fig. 3a) and total shoulder replacement (Biomet U.K., Ltd.) ( Fig. 3b) were created from CT scans of the implants at 0.5 mm Â 0.5 mm Â 0.5 mm resolution. The typical susceptibility values of the materials from literature were assigned to the digital models. Figure 3c shows the simulated total hip replacement, composed of a femoral stem (titanium alloy, 182 ppm) (26) and femoral head (cobalt-chromium alloy, 900 ppm) (27) . Figure 3d shows the simulated total shoulder replacement, composed of a humeral stem (titanium alloy, 182 ppm), and humeral head (cobalt-chromium alloy, 900 ppm). The susceptibility value of titanium in Schenck (26) was measured by the Curie method (28); in Koch et al (27) , the susceptibility value of cobalt-chromium alloy was estimated by comparing the theoretical and measured B0 field perturbations induced by a cobalt-chromium alloy prosthesis. The theoretical field perturbations at B 0 ¼ 1.5T and 3T were computed for both implants, as shown in Figures 3g,h. The susceptibility maps were zero padded by a factor of 2 before taking the discrete Fourier transform to avoid circular convolution wrap-around. Simulations of MAVRIC-SL acquisitions were performed, assuming the implants were immersed in a substance of unity proton density and zero susceptibility. The effect of field perturbations on the spatial encoding process was simulated. For simplification, relaxation was neglected, and the frequency profiles of all echoes were assumed to be perfect Gaussians with full-width-athalf-maximum (FWHM) ¼ 2.25 kHz. Twenty-four spectral bins separated by 1 kHz were acquired covering a resonance frequency range of 6 12 kHz. The other parameters were: field of view (FOV) ¼ 25 Â 12 cm, resolution ¼ 0.5 Â 0.5 mm, slice thickness ¼ 2.5 mm, number of slice ¼ 50, readout bandwidth (BW) ¼ 6 125 kHz or 0.5 kHz/pixel. Bin images were combined by taking the magnitude sum to form a composite image. The signalvoid mask M was obtained by thresholding the composite image. The FM was estimated using the dictionary- Photos of the total-hip and total-shoulder replacements used in creating the digital models. c,d: Ground truth susceptibility maps of the two models in a coronal slice (as they would be oriented in a patient); the yellow arrow in (d) points to a hollow structure inside the neck of the implant. e,f: Composite images of simulated MAVRIC-SL acquisition at 3T; in the enlarged parts, the dashed arrows point to artificial signal voids, the solid arrows point to ripple artifacts. g,h: Susceptibility-induced B 0 field perturbations at 3T generated using the forward computation. i: Estimated FM at 3T. j: Error of FM estimation, i.e., the difference of g and i, multiplied by a factor of 5.
matching method, and compared with the theoretical field perturbations.
The susceptibility map of signal voids was estimated using both the proposed regularized inversion and the iterative PR (20) (17), was tested. The parameters q and a at which the estimated susceptibility maps had the smallest root-mean-square deviation (RMSE) compared with the ground truth were selected as the optimal parameter for processing all simulation and experimental datasets. Both iterative algorithms were stopped when the relative change of mean susceptibility between the current and previous iterations was smaller than 0.005.
After estimating the susceptibility, the voxels where xðrÞ > 100 ppm were identified as metal. The threshold was empirically determined as approximately half of the relative susceptibility values of low-susceptibility metal materials commonly used for implants, such as titanium (182 ppm) (26) . The estimated implant geometry was compared with the true implant models. To examine the accuracy of geometry estimation, the precision and recall of identifying metallic voxels were computed. The quantitative measures precision and recall are as defined in the field of pattern recognition: precision is the fraction of true positive elements in all predicted positive elements, and recall is the fraction of true positive elements in all true elements. Let T represent the set of true metallic voxels, E represent the set of estimated metallic voxels, j j represent number of voxels in a set, and then define precision P ¼ jT \ Ej=jEj and recall R ¼ jT \ Ej=jTj.
Phantom Experiment
The performance of the proposed method was tested in a SEMAC scan of an agar gel phantom with a total shoulder replacement. This implant was the same one that was CT scanned for simulations. The scan was performed on a GE 3 Tesla (T) MRI system using an eightchannel head coil with the following parameters: 32 spectral bins separated by 1 kHz, RF BW ¼ 2 kHz, FOV ¼ 24 Â 18 cm, resolution ¼ 0.94 Â 0.94 mm, slice thickness ¼ 3 mm, number of slices ¼ 32, readout BW ¼ 6 125 kHz. The spectral coverage of 6 16 kHz was larger than the normal 6 11-12 kHz, and it included the resonance frequencies of most spins near this implant, which has relatively low susceptibility. Therefore, the signal loss artifacts due to large field shifts near the metal were negligible in the composite image of all 32 bins, and the signal-void area in the 32-bin composite image was used as the reference of implant geometry. The FMs and masks were first interpolated in the slice direction to a grid of 1mm before estimating the susceptibility. The susceptibility maps estimated by both the proposed and the iterative PR (20) methods were compared.
To verify that the metallic voxels can be identified by the proposed method, a subset of 12 spectral bins (spectral coverage 6 6 kHz) was used for estimating the susceptibility of the enlarged signal-void area. In the composite image of 12 bins, additional signal voids appear where the field variation exceeded 6 6 kHz, and these were identified as the reference of signal-loss artifacts. The estimated implant geometry from 12 bins was compared with the reference. The precision and recall of identifying metallic voxels were computed in a similar way as in the simulations.
In Vivo Experiments
Two subjects with hip implants were scanned on a GE 1.5T MRI system using an eight-channel cardiac array and the MAVRIC-SL sequence with the following
Volume renderings of the implants were generated using OsiriX v6.0 based on the estimated susceptibility maps. The studies were institutional review board approved, and informed consent was obtained from all subjects before imaging studies.
RESULTS
Simulations
In Figures 3e,f, for both implant models, the simulated MAVRIC-SL composite images had artifacts including signal loss and ripple-like signal oscillations near metal, as seen in 3D-MSI experiments of previous studies (9, 10, 13, 29) . The artificial signal voids corresponded well with the region where the susceptibility-induced field shift (Figs. 3g,h ) was large. The error (Fig. 3j ) of the FM estimated by the dictionary-matching method (Fig.  3i ) was small except in the areas where the FM varied rapidly in the readout direction. As shown in Supporting Figure S1 , the dictionary-matching FM estimation was more robust to noise, compared with the conventional center-of-mass method. Figure 4 shows how selection of TV regularization weight affects the estimated susceptibility. As expected, with smaller values of q such as 0.01, the estimated susceptibility map was less uniform. With larger values such as 1.5, the procedure severely underestimated the susceptibility in the stem of the implants. A probable cause is that errors in estimating the susceptibility of the stem only lead to small changes of the induced field perturbations, and thereby a very small increase of the model-inconsistency penalty, compared with the decrease in TV. For values around 0.1-0.5, the results stayed relatively stable, so the comparison of TV weights was not extended to a fine grid of values. The value of q that had smallest RMSE for both implant models was 0.1, and this value was used for processing all the datasets thereafter.
The optimal truncation threshold for the iterative PR method was determined as 0.3 based on smallest RMSE. The susceptibility maps resulting from PR (Figs. 5b,d) showed residual streaking artifacts, and underestimation of susceptibility in the stems of both implants. The susceptibility maps estimated by the proposed method (Figs. 5a,c) were more homogeneous because of incorporating the piece-wise constant prior. The error of susceptibility estimates observed using the proposed method (Figs. 5e,g ) was small except at the edges of the implant heads near the large signal voids, and in part of the femoral stem. In terms of the mean susceptibility value at each iteration step (Figs. 5i,j) , in the femoral and humeral heads, the proposed method converged to 784 ppm and 657 ppm; PR converged to 597 ppm and 563 ppm. In the femoral and humeral stems, the proposed method converged to 182 ppm and 167 ppm; PR converged to 113 ppm and 58 ppm. The relative susceptibility error of the proposed method was within 13%, except in the thin structure of humeral head surrounded by signal loss artifacts, where the relative error was 27%. Figure 6 compares the estimated (blue and red areas) and true (blue and green areas) implant geometry by overlaying them on the composite images. The overlap of estimated and true implant voxels is colored in blue. Most of the signal loss artifacts (the dark areas in the images) were excluded from the estimated implants, while the estimated femoral heads were slightly larger than the ground truth. At 1.5T, part of the neck of the total-hip-replacement was missing from the estimated implant geometry due to underestimation of susceptibility. Overall, at both 1.5T and 3T, most estimated implant voxels overlapped with the real implant voxels.
The quantitative statistics also demonstrated the accuracy of the estimated implant geometry. At 3T, the precision and recall of identifying implant voxels was 86% and 95% for the total hip replacement, and 82% and 92% for the total shoulder replacement. The precisions and recalls of results for both implants at 1.5T were all higher than 87%. For comparison, if all signal-void voxels were identified as metal, the precision would be 55% for the hip implant and 60% for the shoulder implant at 3T. The improved precision at a high recall indicated that the proposed method provided a better delineation of implant geometry compared with identifying all signal-void voxels as metal. Figure 7 shows results on the total shoulder replacement phantom. In comparison with the CT scanned implant geometry in Figure 3d , the 32-bin composite image in Figure 7a had no obvious artificial signal voids. The measured FM (Fig. 7b) showed similar pattern of field variations compared with the simulations (Fig. 3h) . However, the measured field variation was smaller around the humeral head, indicating that the actual susceptibility value in the humeral head was probably lower than 900 ppm, which was assumed in the simulation. The FM derived from the susceptibility estimate of the proposed method (Fig. 7c) was close to the measured FM (Fig. 7b) . The residual error of susceptibility estimation (Fig. 7d) was small overall, mainly consisting of the slow field variations caused by susceptibility change at air-agar boundaries.
Shoulder Implant Phantom Experiment
Compared with the result of PR (Fig. 7f) , the susceptibility map estimated by proposed method (Fig. 7e ) was more uniform, and it recovered the humeral head of the implant. Both methods failed to recover the hollow structure in the neck of the stem (yellow arrow in Figure  3d ), because the outside field variations lost most information on the inner structure of implants, as predicted by SVD analysis in (21) . Based on the susceptibility values of around 150-200 ppm as estimated by the proposed method, the stem of the implant was likely made of titanium alloy. As shown in Figure 7g , for both methods, the estimation based on 12 bins resulted in slightly lower mean susceptibility values compared with the results using all 32 bins. The proposed method converged to 180 ppm using 32 bins, and 168 ppm using 12 bins, which were closer to the susceptibility value of titanium alloy in literature (26) . Figure 8 shows the implant geometry estimated using 12 bins (blue and red areas), and compares it with the reference obtained from 32-bin composite image (blue and green areas). The overlap of estimated and true implant voxels is colored in blue. The estimated implant geometry was consistent with the reference except for some minor errors, despite the large area of artificial signal voids underneath the head of implant, as shown in the sagittal slices. If all signal-void voxels were identified as metal, the precision would be only 40%. The precision and recall of the reconstructed implant was 85% and 93%, which suggested that the proposed method effectively distinguished metallic voxels from the surrounding signal voids in this experiment. Figure 9 demonstrates the implant reconstruction results in a subject with a total hip replacement. The proposed method separated the implant from the surrounding lowsignal tissues, such as cortical bone as shown in Figures  9b,c. The estimated susceptibility values, as shown in Figures 9e,f, were mostly in the range of 600-700 ppm in the femoral head and 150-200 ppm in the stem, suggesting that the implant was probably made of cobaltchromium and titanium. The upper part of the implant actually consisted of a femoral head and an acetabular cup of different materials. However, this internal multilayer structure could not be resolved by the proposed method, because the outside field perturbations were similar to the field perturbations induced by a sphere of a uniform material. The susceptibility estimate was less uniform in the stem, where the inversion was difficult because the field perturbations induced by the stem was small. The FMs derived from the susceptibility estimate (Fig. 9h) showed good consistency with the measurements (Fig. 9g) . The results in a subject with a stainless steel hip fixation assembly are shown in Figure 10 . The proposed method resolved the complex geometry of this small implant from surrounding tissues that also had low signal, as demonstrated in Figures 10b,c. 
In Vivo Experiments
DISCUSSION
The B 0 field perturbations induced by the susceptibility difference between metal and biological tissues are the major cause of artifacts in MRI near metallic implants. The metal-induced signal-loss artifacts often prevent visualization of the actual geometry of implants even in 3D-MSI, which resolves much of the signal loss and distortion caused by metallic implants. The proposed method uses the information from B 0 perturbations to solve for the susceptibility distribution inside signal voids, and thereby distinguishes metallic voxels from others by thresholding the susceptibility map. In this work, simulations as well as phantom and in vivo experiments demonstrated that the proposed method improved the visualization of implant geometry.
The major challenge in susceptibility mapping is the loss of information due to zeroes on the conical surfaces of the k-space dipole kernel, which causes streaking artifacts in the estimated susceptibility maps. The iterative PR method (20) modifies a threshold-based geometryconstrained susceptibility mapping approach (17) , by iteratively updating the missing FM in signal voids with the FM derived from the current susceptibility estimate. PR works well for smaller signal-void structures such as bones and teeth, as it was originally presented for, but the results indicated that it is not suitable for susceptibility estimation in large metal-induced signal voids. Specifically, it tends to have unsuppressed streaking artifacts inside the large high susceptibility regions (Figs.  5b,d; Fig. 7f ).
On the other hand, the proposed method used the piece-wise constant property of the susceptibility map. Such a prior has been demonstrated to provide effective suppression of streaking artifacts (15, 16, 18) . As demonstrated in the simulations and the phantom experiment, the proposed method reduced streaking artifacts and underestimation of susceptibility, especially in the head and neck parts of the implants, compared with PR. This improvement is clinically relevant, because it could potentially help with diagnosing conditions such as early intracapsular adverse tissue reactions or displaced polyethylene liners, which lie in close approximation to the proximal margin of the femoral head. The shortcoming of the method is its relative long computation time. Although it converged in fewer iterations than the PR method, it required more computation inside each iteration, including solving a large-scale least-squares problem iteratively. The proposed method took around 30 minutes on a Linux workstation with 2.6 GHz CPU and 128 GB RAM for the 256 Â 192 Â 96 (before zero-padding) phantom dataset, while the PR method took around 7 minutes. It is possible to shorten the computation time by using an efficient method for forward calculation of susceptibility-induced field perturbations in the iterations (30) .
The inversion to obtain the susceptibility distribution in signal voids is more challenging than normal QSM, because only nonlocal field information is available. An extreme example is that an infinitely long cylinder parallel to the direction of B 0 will induce no field perturbations outside the cylinder itself. Therefore, reconstructing the susceptibility along the shaft of implants, which are in most cases nearly parallel to B 0 , is very difficult and relies completely on the field perturbations near both ends of the shaft. This is the reason that the susceptibility estimate converged to an incorrect solution close to zero in part of the stems when the weight on TV was too large (Fig. 4) , and when the FM near the tip of the stem was not available in an in vivo experiment (Sup . Fig. S3 ).
The missing local field perturbations contain important information regarding the inside structures of implants. Considering a spherical cobalt-chromium femoral head (900 ppm) covered by a layer of plastic liner (9 ppm), the outside field perturbation is exactly the same as that induced by a sphere made of one material with lower susceptibility than 900 ppm. In this case, although the overall shape of the head can be reconstructed, it is impossible to recover the inner structure and the exact susceptibility values without prior knowledge regarding the implant structure. Another limitation is that the reconstructed susceptibility maps tend to underestimate the susceptibility when there are large signal voids surrounding the implant. The underestimation of susceptibility reached as high as 27% in the humeral head in the simulation at 3T (Fig. 5i) . At the same time, the estimated geometry was dilated relative to the real geometry, due to lack of local field information.
One limitation of the phantom experiment is that the shoulder implant was scanned at iscocenter. Under clinical conditions, the shoulder implant in a patient is usually placed at the edges of the bore, where increased gradient nonlinearity causes geometric distortions. The in vivo hip experiments demonstrated the proposed method with implants scanned off iscocenter. Special attention should be paid to the fact that correction of gradient nonlinearity involves interpolation of images, which might interfere with FM estimation. Therefore, images before gradient nonlinearity correction should be used for estimating the FMs. In future work, proper correction of geometric distortions in the FMs should be studied.
Due to lack of any reference, it is difficult to verify the accuracy of estimated implants in the in vivo cases. The projection of implants obtained in plain radiography, which is the current standard imaging modality for complications associated with implants, may serve as a reference after registration with the estimated 3D implant geometry. Extensions to this work could compare the estimated implants with plain radiography, and also explore ways to use the information of implant geometry obtained in plain radiography to improve the current susceptibility inversion method. The additional information from plain radiography could be helpful in many ways, for example, in reconstructing the implant stems in the absence of reliable FMs, and in providing spatial constraints on the size of metal components.
The proposed method has multiple important potential applications. As discussed in Koch et al (19) , the reconstructed implant geometry allows visualization of implant components directly on the MR images, which may help clinicians in determining the proximity of implants to neurovascular structures and detecting hardware deformations. There are multiple sources of lowsignal intensity in MR images around metallic implants:
(a) displaced parts of devices, for example, broken cerclage wires may appear as linear low signal intensity foci and are very commonly encountered in revision arthroplasty; (b) some adverse local tissue reactions, such as osteolysis, which may appear as low intensity replacing higher signal intensity intramedullary fat (31); (c) normal tissues such as the capsule and cortical bone; (d) signalloss artifacts caused by large off-resonance.
The proposed method can provide important information for distinguishing between these sources and subsequently aid in diagnosis of related conditions. The displaced parts of metallic devices can be identified based on high susceptibility; in addition, off-resonance induced signal loss can be predicted based on the theoretical field perturbations derived from the estimated susceptibility distribution. The proposed method may also help with MRI-based detection of wear-induced metallic debris in tissue surrounding the implant (32) . In this technique, removing field perturbations from the implant is essential for revealing the subtle field shift induced by metallic particle content in tissue. Using the FM derived from the implant susceptibility estimate is likely to improve the accuracy of background field removal and subsequently improve the quantification of metal deposits.
For device manufacturers, the implant orientation associated with particulate wear tendencies may provide insight into implant design. The estimated susceptibility distribution can also be used in denoising the measured FMs. Because the FMs are important in compensating for the mismatch of spin displacements in readout when combining spectral bins to the composite image (10) , a higher quality FM may improve the final image quality of 3D-MSI.
In conclusion, by solving for the susceptibility of signal voids with total variation regularization, the metallic implant voxels can be distinguished from surrounding artifacts and low-signal tissues with reasonable accuracy. Simulations, as well as phantom and in vivo scans demonstrated the efficacy of the proposed method in estimating implant susceptibility and geometry for several different implants. Delineating the implant in MR images may be valuable for clinical examination near implants, implant design, and improving the image quality in close vicinity of metal.
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Additional Supporting Information may be found in the online version of this article. Fig. S1 . Comparison of center-of-mass and dictionary-matching FM estimation on simulated 3D-MSI data of the total hip replacement at 3T. Fig. S2 . a-c: Comparison of center-of-mass and dictionary-matching FM estimation on MAVRIC-SL scan of a subject with stainless steel hip fracture instrumentation.. Fig. S3 . a-f: Demonstration of implant reconstruction on MAVRIC-SL scan of a subject with a total hip replacement.
